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Abstract 
A novel photo-controllable micro-fluidic electroosmotic pump based on spiropyran monolithic polymers is 
presented here for the first time. Photochromic monolithic scaffolds have been synthesised within 
poly(tetrafluoroethylene) coated fused silica capillaries. These monoliths have a photochromic spiropyran 
monomer incorporated in the bulk by thermally induced copolymerisation with a cross-linking agent 
(divinylbenzene) and were encased in micro-fluidic devices to function as photo-controllable 
electroosmotic pumps (EOPs). Due to the presence of the spiropyran the monolith can exist in two forms: 
a zwitterionic merocyanine (MC) form and an uncharged spiropyran (SP). As both forms bare a net 
overall zero charge, an acidic electrolyte was used to produce a stable anodic electroosmotic flow (EOF), 
while still retaining the ability to switch between the SP and the MC forms, which exhibit different charge 
distributions. It was confirmed that visible light, which produces the SP form, caused an increase in EOF 
while UV light, which generates the MC form, caused a decrease in EOF. In this way the EOF from the 
chip was modified by light and not by changing the electric field, temperature or buffer pH, some of the 
more common methods of altering the EOF. 
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1. Introduction 
Chromatography is now over 100 years old [1–4] but the single most important advance in the field since 
the inception of chromatography was only developed in the early 1990s: the monolithic stationary phase, 
acknowledged as the “the first original breakthrough to have occurred in this area since Tswett invented 
chromatography, a century ago” [5]. Monoliths are valued for their relatively low resistance to pressure 
driven flow and the ability to prepare them in situ in capillaries and micro-fluidic chips by thermally and 
photo-initiated polymerisations [6–8]. Monoliths have found many applications outside of the area of 
separations science and chromatography, including as actuators [9–11]. In these works the monoliths were 
externally actuated by temperature, while other external stimuli have not been reported. Here, in this work, 
we report for the first time a light-responsive (photochromic) monolith externally actuated with UV- and 
visible light. This is achieved by incorporating into the porous organic monolith a photochromic dye from 
the spiropyran family that changes its structure and charge distribution with light. 
The spiropyrans were first discovered in 1921 [12] but their best studied property, their photochromism, 
was not observed until 1952 by Fischer and Hirshberg [13]. They are a well known family of dyes, which 
in addition to photochromism, also display thermochromic [12], solvatochromic [14], acidochromic [15] 
and electrochromic [16] behaviour. The dyes exist in two main forms: an uncharged, colourless spiropyran 
(SP) and an intensely coloured, zwitterionic merocyanine (MC). The structure of the two forms of the dye 
is shown in Fig. 1. 
The conversion between the SP and the MC form is carried out with ultraviolet (UV) and visible light. 
Irradiation of the molecule with UV light at approximately 375 nm produces the zwitterion, while the 
white light returns the molecule to the uncharged form. The λmax of absorbance of the spiropyran in the 
visible region is approximately 540 nm (depending on the specific derivative of the molecule), however, it 
was found through the course of this research that white light instead of green light produces a faster 
reconversion to the SP form [20]. This switching process is entirely reversible over a large number of 
irradiations although the exact number depends on several factors such as the stability of the particular 
spiropyran, the intensity of the light source and the presence of oxygen as the dye is susceptible to photo- 
bleaching, irreversible cleavage of the pyran ring [12]. It was found that the period of time over which the 
molecule is stable can be increased by binding it to, or incorporating it within, some type of polymeric 
support rather than leaving it free in solution [21]. This is likely due to the fact that, when immobilised, 
the chances of aggregation of the molecule in solution are reduced and so the dye switches more freely 
[22]. There is a minimum distance to be observed between the spiropyran and the support in order to 
prevent the surface interactions from interfering with the switching efficiency [20]. In previous work, it 
has been shown that a chain length of 8-methylene groups provides enough separation from the surface to 
allow effective switching between the two forms of the molecule [20]. Conversion experiments conducted 
with light emitting diodes (LEDs), chosen for their high intensity, quasi-monochromatic light output and 
negligible heat generation [23,24], showed that more than 100 switches could be performed when the 
spiropyran was immobilised on polymeric beads before a decrease in the switching intensity could be 
detected [20]. Moreover, spiropyran moieties have recently been immobilised by us in 
polydimethylsiloxane (PDMS) micro-fluidic channels as a photonically controlled, self-indicating system 
for metal ion accumulation and release [25]. 
In this work a spiropyran derivative with a long vinyl chain, 1’,(9-decenyl)-3’,3’-dimethyl-6-nitrospiro-
[2H-1]-benzopyran-2,2’-indoline, synthesised from a procedure by McCoy et al. [26] was incorporated 
into a polymeric monolith by copolymerising it with a common cross-linker, divinylbenzene, to produce a 
rigid, macro-porous, photochromic monolith. The monolithic stationary phase was then characterised, 
incorporated in the channel of a micro-fluidic chip and applied as an electroosmotic pump with photo-
controllable flow rates. This novel pumping system described in detail below provides the ability to 
modify the flow rate not only by changing the electric field, as is commonly done [27], but also by 
irradiation with light. To our best knowledge, this is the first example of a photo-controllable 
electroosmotic pumping system and the first example of an externally photo- actuated porous monolith 
with its properties changing reversibly and repeatedly with irradiation by UV- and visible light. The most 
commonly exploited property of these molecules is their photochromism, which has allowed them to find 
applications in light sensitive media such as photo-sensitive ophthalmic lenses and optical recording 
media [17–19]. This  photochromism, that is the conformational and polarity changes induced by light 
irradiation, is at the core of this work exploring the possibility of creating a photochromic monolithic 
porous material for a multitude of uses in separation science and elsewhere, with the specific attention to 
the development of a photo-dynamically controllable electroosmotic pumping system. 
2. Experimental 
2.1. Reagents 
2,3,3-Trimethylindoline, 2,2-azobisisobutyronitrile (AIBN), 3-(trimethoxysilyl)propyl methacrylate 
(TMSPM), acetone, 1-decanol, divinylbenzene (DVB), ethanol, hydrochloric acid, 10-bromo-1-decene, 5-
nitrosalicylaldehyde, methanol and styrene were all purchased from Sigma–Aldrich Chemical Co. 
(Dublin, Ireland) and all chemicals were used as received. 
2.2. Materials 
100 µm i.d. poly(tetrafluoroethylene) (PTFE) coated fused silica capillary was purchased from Polymicro 
Technologies (Phoenix, AZ, USA). 
5 min epoxy resin was purchased from Bondloc (Worcestershire, UK). Pressure sensitive adhesive (PSA, 
ARcare 8890) and sheets of poly(methyl methacrylate) (PMMA) were purchased from Adhesives 
Research Ltd. (Limerick, Ireland). 
400 µm i.d. poly(ether ether ketone) (PEEK) tubing and a nano-flow sensor to monitor eluent flow rate 
from the electroosmotic pump was obtained from Upchurch Scientific (Oak Harbor, WA, USA). 
375 nm and white (400–750 nm) LEDs were purchased from Roithner Laser Technik (Vienna, Austria). 
Standard stabilised power supplies (Maplin Electronics, Rotherham, UK), operated in constant current 
mode, were used to power the LEDs. 
High voltage was generated for the EOP using a 0–30 kV high voltage power supply from Unimicro 
Technologies (Pleasanton, CA, USA). 
2.3. Procedures 
2.3.1. Pre-treatment of the PTFE-coated fused silica capillaries 
The capillary was treated before polymerisation in order to ensure good wall attachment using a procedure 
described by Okanda and El Rassi [28]. In brief, the capillaries were flushed with 1 M NaOH for 30 min, 
followed by 0.1 M HCl for 30 min and finally deionised water for a further 30 min. The capillaries were 
then flushed with acetone and dried with by flushing with air for 30 min. In the mean time a solution 
containing 50% TMSPM in acetone was prepared, sonicated and purged. This was then introduced into 
the dry capillaries used a peristaltic pump. The capillaries were sealed with rubber septa and immersed in 
a water bath at 60 ◦C for 20 h. After treatment the capillaries were flushed with methanol to remove all 
traces of the silanising agent and dried under nitrogen flow. 
2.3.2. Synthesis of the SP monomer 
A monomeric spiropyran, 1’,(9-decenyl)-3’,3’-dimethyl-6-nitrospiro[2H-1]-benzopyran-2,2’-(2H)-
indoline, containing a long carbon chain with a vinyl group on the indoline ring, Fig. 1, which is suitable 
for subsequent copolymerisation with a divinylbenzene monomer, was synthesised in a two-step 
procedure. Firstly, an N-alkylation of the 2,3,3-trimethylindoline with a 10-bromo-1-decene is carried out 
followed by a coupling with 5-nitrosalicylaldehyde as outlined in a procedure by McCoy et al. [26], as 
shown in Fig. 2. The reaction is carried out at 80 ◦C in basic media, it is important that the temperature is 
not exceeded as this can induce polymerisation of the product. 
2.3.3. Synthesis of poly(spiropyran-co-divinylbenzene) 
A 110 µl pre-polymer solution, in which the monomers constitute 40% of the total volume, was prepared 
containing 40 µl divinylbenzene, 6 mg of the spiropyran  monomer, 70 µl of 1-decanol and 0.42 mg of 
AIBN. The solution was then sonicated, purged with nitrogen and then filled by capillary action into pre-
treated PTFE-coated fused silica capillaries. Sealing with a rubber septum attached to a weight, the 
capillaries were immersed in the water bath vertically in order to promote a more homogeneous and dense 
growth of polymer. The polymer was allowed to form over 5 days at 60 ◦C. After polymerisation the 
columns were flushed with methanol for 30 min to remove porogens and unreacted initiator. 
2.3.4. Synthesis of poly(styrene-co-divinylbenzene) 
A 200 µl pre-polymer solution, in which the monomers also constitute 40% of the total volume, was 
prepared containing 40 µl styrene, 40 µl divinylbenzene, 120 µl 1-decanol and 0.73 mg of AIBN. The 
solution was sonicated, purged with nitrogen and then filled by capillary action into pre-silanised PTFE-
coated fused silica capillaries as before. They were then polymerised in the same way as  the 
poly(spiropyran-co-divinylbenzene) monoliths described previously with the exception that the 
polymerisation time was 20 h. 
2.3.5. Fabrication of the micro-ﬂuidic chip platform 
In order to provide support for the short lengths of capillary functioning as electroosmotic pumps, a micro-
fluidic device was designed and fabricated. Channels in the micro-fluidic chip were first designed using 
3D Excalibur software (Progressive Software Corp., USA) and then fabricated by direct micro-milling 
(Datron 3D M6, Datron Technology Ltd., Milton Keynes, UK). A chip 20 mm × 30 mm × 5 mm with 
channels 8 mm × 0.4 mm × 0.4 mm was produced as described by Nie et al. [29,30]. The PMMA sheets 
were washed thoroughly with ethanol after milling to remove traces of dust and excess PMMA and 
capillaries within which the photochromic monoliths were contained were encased in the channels. In 
order to compare the response of a non-switchable monolith with the photochromic monoliths, a 
poly(styrene-co-divinylbenzene) monolith was synthesised and encased in one of the channels of the chip. 
The capillaries were held in place in the channel using a drop of 5 min epoxy glue before the channels 
were covered with a layer of PSA and a second, unmilled sheet of PMMA. The whole chip was placed in 
a vice for several minutes to ensure that the chip was well sealed and would not leak. 1 cm lengths of 
PEEK tubing were used as inlet and outlet tubing and were connected from the inlet/outlet to 1.5 ml 
Eppendorf tubes, which served as solvent reservoirs (Fig. 3). The chip design allowed easy inlet/outlet 
capabilities for the capillaries, support for the capillaries and easy access to buffer reservoirs. 
2.3.6. Characterisation of the monoliths 
Before any electroosmotic pumping experiments were attempted it was necessary to characterise the 
monolithic stationary phase and the presence of the spiropyran. The monolith itself was characterised by 
optical and scanning electron microscopy. 
A SVM-340 Synchronised Video Microscope (Labsmith, USA) was used for the former while an S-
3000N VP-SEM (Hitachi, Japan) was used for the latter. 
The presence of the spiropyran was verified by reflective absorbance spectroscopy for which a purposely 
designed capillary holder for reflectance measurement was fabricated in black acrylonitrile-butadiene-
styrene (ABS) copolymer with a Stratasys 3D printer (Eden Prairie, MN, USA). The two parts of the 
holder (the probe case and the capillary case) were designed using a standard CAD/CAM software 
package (ProEngineer from PTC, Needham, MA, USA) [31]. Reflectance UV–Vis spectra were recorded 
using a S2000® spectrometer combined with a FCR-7UV200-2 reflection probe (7 µm × 200 µm cores), 
which was connected to a DH-2000-FSH, deuterium (215–400 nm) and halogen (400–1700 nm) light 
source, using a PTFE based reflectance standard WS-1-SL to standardise measurements at 100% 
reflectance [32,33]. All spectrometric instrumentation was purchased from Ocean Optics Inc. (Eerbeek, 
Netherlands). The resulting spectra are relative measurements processed by the Ocean Optics software 
against the previously recorded reference spectrum, which was recorded in the dark at the same distance 
from the probe as the sample [32–34]. 
2.3.7. Measurement of the electroosmotic ﬂow (EOF) 
The channels and reservoirs of the electroosmotic pump were filled with 1 mM HCl, specifically chosen to 
protonate the spiropyran and generate charge on the SP form and a stable positive charge on the MC form 
of the molecule. The electrodes were immersed in the electrolyte, a field from 0 to 125 kV/m was applied 
across the channels and finally the flow rate of the eluent from the channel was measured using a nano-
flow sensor. All the experiments were carried out in the dark with the outlet tubing positioned at the same 
height as the reservoirs so that there was no difference in pressure between the outlet and the inlet. The 
EOF was measured when the monolith was switched by LED to each of the two forms of the spiropyran. 
3. Results and discussion 
The strategy chosen in this work to create an externally actuated light-switchable porous material was to 
copolymerise a spiropyran derivative carrying a double bond, here called the “spiropyran monomer”, into 
an organic porous monolith. Organic porous monoliths were introduced by Svec and Fréchet [6] and 
became hugely successful and popular as continuous separation media for chromatography. Incorporation 
of a photochromic molecule into an organic monolith in a way that does not disable the switching is 
extremely useful for the creation of photochromic monoliths for Separation science and potentially 
numerous other applications. Creating a photochromic monolith and demonstrating a photocontrollable 
electroosmotic flow was a novel outcome of this work. 
Synthesis of the spiropyran monomer was quite straightforward and was carried out exactly as described 
in the publication of McCoy et al. [26]. For the synthesis of the spiropyran monolith both ethylene 
dimethacrylate and divinylbenzene were used as cross-linkers, however only divinylbenzene produced a 
rigid macro-porous copolymer with the spiropyran monomer. Once divinylbenzene was selected three 
different concentrations of spiropyran were added to the polymerisation solution (4%, 10% and 50%, w/v, 
of total solution) but it was found that only the lowest concentration (4%, w/v) would dissolve in the 
mixture, therefore all polymerizations were carried out with the stock solution containing this 
concentration of spiropyran relative to the divinylbenzene cross-linker. The solubility of the spiropyran 
monomer could be increased by using short-chain alcohols as porogens, e.g. ethanol; however this is 
known to result in a large decrease in the permeability of the monolith. It was desirable in this case to have 
monolithic materials, which could be easily flushed, and therefore decanol remained as the porogen. 
As this is the first reported synthesis of poly(spiropyran-co-divinylbenzene) monoliths it is important to 
confirm from SEM images the polymer has the same characteristic, globular, porous structure of polymer 
monoliths (Fig. 4) often shown in the literature [35]. Importantly it can be seen that the polymer is well 
attached to the walls of the capillary providing good mechanical stability, which is important for 
successful chromatographic and electrophoretic applications [36]. 
Once the poly(SP-co-DVB) monoliths were synthesised it was necessary to characterise them to show that 
the spiropyran was present and switching effectively before the monoliths could be applied as 
electroosmotic pumps. Optical microscopy was used to verify the filling of the capillary as well as to get a 
closer look at the colour change of the monolith when irradiated with different wavelengths of light. Fig. 
5a shows the capillary after 2 min of irradiation with a white LED when the monolith was dry. It is clear 
from the image that the monolith is well filled with no apparent voids in the polymer and that there is no 
colour in the monolith due to the presence of the SP form. Fig. 5b shows the same monolith after 2 min 
irradiation at 375 nm. Here the monolith appears blue showing the presence of the MC form of the dye. 
The colour change not only proves the presence of the spiropyran and its ability to switch but it also 
indicates that the spiropyran is copolymerised with the divinylbenzene and not simply immobilised on the 
surface. This confirmation is based on the above mentioned solvatochromic behaviour of the spiropyrans, 
which means that in a polar environment the MC form will appear pink while in a non-polar environment 
there will be an hypsochromic shift in absorbance and the MC form will appear blue [37]. As the monolith 
is dry there is no solvent present to influence the colour change and so the colour is dictated by the 
polarity of the matrix, which in this case is divinylbenzene, a highly non-polar matrix. This has also been 
noted by Zhu et al. [38]. The presence of the blue colour indicates that the copolymerisation has been 
successful as in preliminary experiments (data not shown here) the MC form grafted onto the surface of a 
non-polar monolith in the dry form appears pink. It is believed that by copolymerisation, therefore 
incorporation in the bulk, the spiropyran is more closely affected by the non-polar matrix and so 
undergoes a solvatochromic response causing it to appear blue. 
Reflective absorbance spectroscopy (RAS) was also carried out on the monolithic stationary phase within 
the capillary to confirm the switching between the SP and MC forms in both the non-polar form and in a 
polar solvent (Fig. 6). When the column is irradiated with the 375 nm LED a band appears in the spectrum 
at the max of absorbance of the dye in the visible region indicating the presence of the MC form of the 
monolith (green and red lines, Fig. 6). To achieve a more intense signal from the MC form of the monolith 
during this measurement the column was flushed with ethanol, this causes an hypsochromic shift in the 
wavelength of absorbance of the MC form. To summarise, in the non-polar matrix the λmax of the MC is 
582 nm (green line) while in the polar solvent it is approximately 550 nm (red line). The MC band 
disappears when the column is irradiated with white light showing that the polymer can be reconverted to 
the SP form (blue and black lines, Fig. 6). In the presence of the 1 mM HCl used in the following 
experiments the protonated merocyanine form appears yellow in colour with an absorbance band in the 
region 410–430 nm [39]. As the colour change between the white SP and the yellow MC+ is negligible it 
is not shown in Fig. 6. The time necessary for the conversion of the SP to the MC form was determined by 
a simple kinetics experiment, which was carried out by putting the capillary in the in-house made probe 
holder, irradiating the capillary at 375 nm for 5 min and taking a spectrum every 10 s to monitor the 
conversion of the SP form. It was observed that this conversion took approximately 120 s. According to 
the literature the conversion of the SP to MC in solution is rather quick; however, in the presence of 
macrocycles this conversion is hindered and slowed down [40]. In this case due to the fact that the 
spiropyran is encompassed in the bulk polymer and not free in solution or immobilised as a thin layer on a 
polymer surface, a slow conversion such as that observed is to be expected. This information is important 
to be able to effectively control the photo-controllable electroosmotic pump. 
After characterisation of the monolithic capillaries 8 mm lengths were cut and encased in a PMMA micro-
fluidic chip as outlined in the experimental section (Fig. 3). The encasement procedure was necessary due 
to the fragility of the PTFE-coated capillary in which the monolith had been synthesised. In previous 
experiments manipulation of the capillary, i.e. flushing, threading into reservoir vials, etc., had caused 
stripping of the PTFE from the fused silica and breakage of the entire capillary. For these reasons the 
micro-fluidic platform was designed and assembled, providing support for the capillary and easy 
connection of the capillary, reservoirs and high voltage (HV) power supply. The channels and reservoirs 
were filled with 1 mM HCl as the electrolyte and then exposed to alternating irradiation with UV and 
visible light causing the spiropyran monolith to switch its configuration as shown in Fig. 1. 
It was observed that the protonated SP-form produced an increase in the EOF while the protonated MC 
form caused a relative decrease in the EOF, this can be seen in Fig. 7. As the SP form of the monolith has 
no surface charge before flushing with 1 mM HCl there would, theoretically, be no EOF expected from 
this form of the monolith. It has been previously reported, however, that organic polymer monoliths 
produce a weak EOF without further modification [41, 42] although for the control poly(S-co-DVB) 
monolith the flow recorded was never higher than ca. 4 nl/min. As the photo-controllable monolith is to be 
used as an electroosmotic pump a more substantial EOF is required. To achieve this, protonation of the 
spiropyran monolith was found to be necessary. In the protonated SP form there is a localised positive 
charge centred on the N of the indoline ring. In contrast, in the protonated MC form, the phenylate oxygen 
is protonated, cancelling its negative charge, and the positive charge on the indoline ring is delocalised 
into the extended π-system. Additionally the quininoid form of the MC is believed to be present in 
equilibrium with the protonated form. The presence of the quininoid form, which has no effective charge, 
in parallel to the protonated MC form, reduces the number of charged sites available for generation of the 
EOF. Hence, under acidic conditions, the SP-form produces a greater number of charged sites, and 
therefore a greater EOF effect. The mechanism we propose for the switching of the spiropyran between 
the SP and MC form causing the EOF to increase and decrease accordingly is shown in Fig. 8, this is 
similar to that proposed by Drummond and Furlong for the switching of the molecule in the presence of 
water/1,4-dioxane mixtures [43]. 
Experiments have been carried out attempting to pass current in both directions, towards the anode and 
towards the cathode, however EOF is only observed towards the anode indicating that the surface is 
always cationic, When the SP is protonated the surface of the monolith is positively charged and so the 
electrical double layer is made up of negative charges, which migrate towards the positive electrode. As 
the charge migration begins to occur electrolyte flow in the channel, or electroosmotic flow, commences, 
which is then measured at the anode. Irradiating at 375 nm to form the protonated MC form actually 
results in the formation of a two forms of the MC, a cationic and uncharged form. This reduces the 
effective surface charge and the electroosmotic flow slows down.  
To summarise, irradiating the monolith with a white LED shifts the equilibrium state, in which the 
spiropyran usually resides, towards the SP form and an increase in the EOF is observed while irradiation 
with UV light pushes the equilibrium towards the MC form and the EOF is decreased by approx. 50%. For 
example, in Fig. 7, the measured EOF decreases from ca. 150 nl/min to ca. 75 nl/min at an applied field of 
125 kV/m. While this flow rate is relatively low for many practical uses, it serves to prove the concept of a 
light-switchable electroosmotic pump. It can be noticed in Fig. 7 that there is a non-linear character to the 
EOF. A similar behaviour was observed by Nischang and Tallarek [44] in silica monoliths and was 
explained by non-equilibrium electrokinetic effects which may develop in porous media due to the 
presence of ion-permselective regions. It may also be due to the population effect of changing between the 
two states—eventually as the % in a particular form begins to dominate, the effect will diminish as there is 
less of the other form around to switch. Both of these possible causes are currently under investigation. 
With this graph, which is an average of four experiments, it is shown that the flow rate from the 
spiropyran based electroosmotic pump can be easily modified by irradiation with different wavelengths of 
light. Under acidic conditions the SP-form produces an increase in EOF while the MC form produces a 
decrease. Switching the wavelength of irradiation means that the flow rate can be increased or decreased 
without having to change the applied field. These monoliths are particularly suited to application for 
increasing the flow rate when using the standard method of increasing the voltage could create flow 
instabilities such as bubble formation in the channel. Increasing the flow by light irradiation would be a 
gentler method of achieving this increase. At this point in the development it would be more suited to 
gradient flow rate increases due to the long interconversion time; however experimentation is ongoing to 
improve switching efficiency. 
4. Conclusions 
A concept of an externally photo-actuated photochromic porous monolith demonstrated with a photo-
controllable electroosmotic pump. The photochromic monolith is made from a photo-switchable monomer 
copolymerised with a divinylbenzene cross-linker. Proof has been provided that by irradiating these 
photochromic monoliths encased within the channels of a micro-fluidic chip, thereby converting the 
spiropyran molecule between its two forms, the flow rate of this electroosmotic pump can be modulated 
purely by applying light without having to modify the applied field. 
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